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1. Introduction 
Heptane extraction of lyophilized chloroplasts 
causes a loss of phosphorylation activity. Partial res- 
toration of cyclic phosphorylation catalyzed by 
phenazine metosulphate was obtained when plasto- 
quinone A or long-chain analogs down to plasto- 
quinone A were added back to the extracted chloro- 
plasts [ 1 -- 31. Addition of chloroplast lipids other 
than plastoquinone were not able to restore photo- 
phosphorylation by heptane-extracted chloroplasts. 
Cyclic electron flow involves Photosystem I and 
seems to be concentrated in the stroma lamellae [4,5]. 
Photosystem I activity of heptane-extracted chloro- 
plasts was recently restored by oc-tocopherol [6] and 
partially by mono- and digalactosyl diglycerides [7]. 
As yet, a-tocopherol was uniformly lacking in the 
ability to replace plastoquinone in photophosphoryla- 
tion [2] . 
In the present paper data is provided to show that 
a-tocopherol reconstitutes the cyclic phosphorylation 
of heptane-extracted chloroplasts. 
2. Material and methods 
In all experiments, chloroplasts were prepared from 
market spinach leaves as described by Sane et al. [5]. 
The pelleted chloroplasts were resuspended in a 
minimal volume of the isolation medium containing 
sucrose, necessary to protect phosphorylation from 
damage during lyophilization [8] , and then lyophiliz- 
ed. Heptane extraction of freeze-dried chloroplasts 
and its reconstitution by oc-tocopherol were carried 
out as described elsewhere [6]. Photophosphoryla- 
104 
tion catalyzed by phenazine metosulphate was 
measured according to the modified version of Avron 
[9]. Experimental details are described in the legends 
for the figure and tables. Inorganic phosphate analysis 
was measured by the method of Fiske and SubbaRow 
[lOI. 
EDTA-treated chloroplasts were obtained according 
to McCarthy [ 111. Preparation and assay of coupling 
factor 1 from chloroplasts (CF,) were done as describ- 
ed by Lien and Racker [ 121. Protein concentration 
was determined according to Lowry et al. [ 131 and 
chlorophyll according to Arnon [ 141. 
3. Results and discussion 
Heptane extraction of lyophilized chloroplasts 
shown in fig. 1 (lower curve) causes progressive loss 
in photophosphorylation. After a 2-hr heptane extrac- 
tion the activity of cyclic phosphorylation is stabilized 
on the level of 20-30% of its original rate and it does 
not change during 12 hr of extraction. Reconstitution 
of cyclic phosphorylation of heptane-extracted chloro- 
plasts is shown by the upper curve of tig.1. A full 
recovery in activity was achieved by using cr-toco- 
pherol in a molar ratio to chlorophyll of about 10. 
Such molar concentration of a-tocopherol was also 
needed for recovery of Photosystem I activity of 
heptane-extracted chloroplasts [6]. The lack of 
restoration of phosphorylation reported by Krogmann 
and Oliviero [2] depended on a low molar ratio of 
cr-tocopherol/chlorophyll, of about 2, used in their 
experiment. These amounts of a-tocopherol are not 
sufficient for reconstitution of photophosphorylation 
in extracted chloroplast membranes (see fig. 1). 
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Fig.1. Cyclic phosphorylation of heptane-extracted and (Y- 
tocopherol reconstituted spinach chloroplasts. Lower curve 
represents the effect of extraction time on photophosphory- 
lation; upper curve represents restoration of photophosphory- 
lation in relation to ol-tocopherol/chlorophyll molar ratio. 
The reaction mixture contained the following components, in 
pmoles: Tricine-NaOH buffer (pH 8.0) , 50; KCl, 50; MgCl,, 
10; Na, PO,, 10; ADP, 4; phenazine metosulphate, 0.15; 
sodium ascorbate, 20; chloroplast equivalent to 50 ccg of 
chlorophyll in a final volume of 3 ml. Illumination for 5 min 
was provided by light at an incident intensity of 1.2 X 10’ 
ergscm-‘.s”. 
Heptane extraction decreases cyclic phosphoryla- 
tion due to partial removing of lipids from chloroplast 
membranes. Some protein factors which affected 
cyclic phosphorylation are also likely to be removed. 
Elstner et al. [ 151 have reported that heptane extrac- 
tion removes some amounts of plasticyanin from 
chloroplast membranes. Plastocyanin, however, has 
no effect on phenazine metosulphate -dependent 
phosphorylation [ 161. 
The protein factor required for photophospho- 
rylation is CF1 located in the outer surface of thyla- 
koid membrane [ 171. The heptane-extract did not 
contain CF1, but it was found to remain in the extract- 
ed chloroplasts. 
Restoration of cyclic phosphorylation of CF, deplet- 
ed chloroplasts is shown in table 1. Treatment of lyo- 
philized chloroplasts with a dilute EDTA solution re- 
moves CFI and causes an uncoupling of photophos- 
phorylation from electron transport. Addition of CF1 
to EDTA-treated chloroplasts reinstates cyclic phos- 
Table 1 
Restoration of cyclic phosphorylation of EDTA-treated 
spinach chloroplasts 
Chloroplasts pmoles Pi uptake/mg 
Additions chlorophyll per hr 
Lyophilized 293 
EDTA-treated, 0 
CF, 271 
or-tocopherol 69 
ol-tocopherol + CF, 213 
EDTA-treated and heptane-extracted, 0 
CF, 117 
cu-tocopherol 131 
a-tocopherol + CF, 264 
The reaction mixture and assay conditions were described in 
the legend for fig.1. Where indicated.&-tocopherol in a molar 
ratio to chlorophyll = 10 and CF, in concentration 50 pg pro- 
tein per assay were added. EDTA-treated chloroplasts were 
lyophilized and next extracted with heptane for 12 hr. 
phorylation, as found by Vambutas and Racker [ 181. 
The degree of reconstitution with a-tocopherol was 
not higher than 25%. Both factors used together 
partially decreased the phosphorylation rate in com- 
parison with CF1 reconstituted chloroplasts. cu-Toco- 
.pherol and CFI partially restored the activity of 
EDTA-treated chloroplasts extracted with heptane. 
When added together, they restored nearly 90% of 
the original phosphorylation rate. The results of this 
experiment suggest hat full restoration of cyclic 
phosphorylation with CF, is possible only in the 
undamaged structure of the lipid part of the mem- 
brane. Partial removal of lipids with heptane decrea- 
ses CF, effectiveness. Introduction of a-tocopherol 
in place of the extracted lipids makes full restora- 
tion of cyclic phosphorylation with CF1 possible. 
Support for this suggestion can be found in another 
experiment (table 2). Cyclic phosphorylation of 
heptane-extracted chloroplasts is not influenced by 
CF, whereas a-tocopherol gave full recovery of its 
activity (see also fig.l). EDTA-treatment of heptane- 
extracted chloroplasts caused full loss of cyclic phos- 
phorylation. CF, and a-tocopherol, separately added 
to these chloroplasts, recover the activity to no more 
than 30-40%. Both factors added together restored 
66% of the original activity. The low phosphorylation 
rate of the reconstituted chloroplasts was due to the 
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Table 2 
Restoration of cyclic phosphorylation of heptane-extracted 
spinach chloroplasts 
_-____ 
Chloroplasts crmoles Pi uptake/mg 
Additions chlorophyll per hr 
Lyophilizcd 176 
lieptane-extracted, 73 
CF, 94 
a-tocopherol 178 
a-tocopherol + CF, 157 
Heptane-extracted and EDTA-treated, 0 
(‘F, 56 
a-tocopherol 75 
ol-tocopherol + CF, 117 
The reaction mixture and assay conditions wcrc described in 
the legend for fig. 1. 12-hr heptane-extracted chloroplasts 
were treated with EDTA according to McCarthy [ 1 I]. Con- 
centrations of CF, and a-tocopherol added as in table 1. 
lyophilization of the heptane-extracted chloroplasts 
after the EDTA-treatment. 
It appears that a-tocopherol serves as a binding 
agent between CF, and the chloroplast membrane. 
Livne and Racker [ 191 had found earlier that other 
components of chloroplast membranes such as sulpho-, 
galacto- and phospholipids conferred heat stability 
on CFr . It is possible that cY-tocopherol is not a speci- 
fic lipid component which reacts with CF, in the 
chloroplast membranes. Recently Miles [20] has 
found that exogenous triglycerides gave partial resto- 
ration of acid-bath phosphorylation. It is not excluded 
that some endo- and exogenous lipids are also able to 
reconstitute cyclic phosphorylation. 
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